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MULTIPLE WAVELENGTH LASER ARRANGEMENT 



Technical field of the invention 

The present invention relates to a diode pumped la- 
ser arrangement. More particularly, the invention relates 
to a laser arrangement capable of emitting at least two 
5 different wavelengths. 



Technical background and prior art 

There are many applications in which it is desired 
to use a single laser beam of multiple wavelengths in the 

10 visible range of the electromagnetic spectrum. As a sin- 
gle beam, all wavelengths are co-propagating, i.e. propa- 
gate in the same direction and along a common propagation 
axis. Examples of such applications are the production of 
full-color images (motion picture video displays, print- 

15 ing and repro-graphics, etc.) and various types of fluo- 
rescence-based analyses in the field of biotechnology, 
such as f low-cytometry and bio scanners, and fluorescence 
microscopy. 

Argon-ion lasers (Ar-ion lasers) have traditionally 
2 0 been used for many of the above applications, since they 
can produce multiple wavelengths in the blue and green 
(457, 488 and 514 nm) propagating in the same direction 
along a common propagation axis. Further, Ar-ion lasers 
provide good beam quality and high stability. 
25 However, Ar-ion lasers are of large size, have a 

limited lifetime (typically <5000 hrs . ) , have a high 
power consumption (typically >1 kW of electrical power 
for <100 mW optical output power) , and require frequent 
maintenance . 

30 Recently, it has been proposed to use solid-state 

lasers as an alternative to Ar-ion lasers in an attempt 
to overcome the above-mentioned drawbacks. Among the 
solid-state lasers mentioned in this context are opti- 
cally or electrically pumped semiconductor lasers (e.g. 
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VCSELs or standard single-mode edge emitters )" combined 
with elements for frequency conversion, and up-conversion 
fiber lasers, which are all capable of producing a laser 
beam in the blue or green region of the spectrum with 
5 characteristics similar to those of the Ar-ion laser. 

Another proposed alternative to Ar-ion lasers is 
sum-frequency mixing of two diode-pumped Nd-doped laser 
crystals (see for example WO 02/103863) . 

Diode pumped laser crystals provide excellent beam 

10 properties and long operational life-time, as well as 
good power efficiency. However, a general problem of 
these solid-state lasers is that they normally only emit 
one wavelength. For applications where it is required to 
have more than one wavelength in a single beam, it then 

15 becomes necessary to combine multiple laser units and 
merge the output beams from these units into a single 
beam. Such combination could be made, for example, by 
means of rather complicated mirror set-ups or by coupling 
the radiation into an optical fiber. 

20 In addition, a specific problem of sum-frequency 

mixing according to the above-referenced WO 02/103863, is 
that two separate pump diodes are required, thereby add- 
ing to the complexity and cost of the laser arrangement. 

25 Summary of the invention 

It is therefore an object of the present invention 
to provide a laser arrangement capable of simultaneous 
emission of light at more than one wavelength. 

More particularly, the present invention aims at 
30 providing a laser arrangement which employs a single op- 
tical pump source for pumping, and which is capable of 
emitting at least two different wavelengths within the 
visible range of the electromagnetic spectrum. 

The above object is met by a laser arrangement as 
35 set forth in the appended claims. 

Hence, the present invention provides a laser ar- 
rangement capable of producing multiple wavelengths in 
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the visible range propagating in one single laser beam. 
The laser arrangement according to the invention is based 
on solid state lasers, which gives the advantages of long 
operational lifetime, small size, low power consumption, 
5 and ease of production at low cost. 

According to the present invention, multiple wave- 
length output is obtained by frequency mixing of infrared 
radiation from at least two laser gain materials which 
are optically pumped by one single diode laser. The mix- 

10 ing of the different outputs is performed in two non- 
linear optical regions which are located within one of 
the resonant cavities around the gain materials. 

Suitable optically pumpable gain materials according 
to the invention are semiconductors (e.g. VCSELs) , poly- 

15 mers, and solid-state host materials doped with rare 

earth metals or transition metals. Preferred examples of 
the latter are Nd-doped YV0 4 , YAG, YLF, GV0 4 and glass. 

The use of only one single pump diode allows of a 
reduction of the overall size of the laser arrangement, 

20 as well as a reduction of the manufacturing costs. 

When implementing embodiments of the invention, the 
gain materials of the arrangement should be selected or 
designed to have overlapping absorption bands for the 
pump radiation emitted by the pump source. Advanta- 

25 geously, the gain materials should have maximum absorp- 
tion peaks which are all covered by the emission spectrum 
of the pump source. 

Special care should be taken regarding the optics 
for the pump beam, the placement and arrangement of the 

30 gain materials, and the design of optical resonators, in 
order for the available pump power to be adequately 
matched to the efficiency of each involved gain material 
and its associated resonator. In particular, attention 
should be brought to the size and length of the pump beam 

35 focus, the dimensions and location of the gain materials, 
the optical gain (e.g. as manifested by the doping level) 
of the gain material, and to the optical interfaces. For 
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optimum efficiency, all the gain materials should be 
placed at or near the focus of the pump beam. 

The fundamental radiation produced by the two gain 
elements will be two essentially co-propagating beams 
5 (effectively a single beam) , since the pumped mode vol- 
umes (gain region) in respective elements are co-linear 
due to the fact that both are pumped by the same pump 
source. Hence, the laser modes of the gain elements are 
overlapping. 

10 According to a first embodiment of the present in- 

vention, a solid state laser arrangement is provided 
which can replace traditional Ar-ion lasers in applica- 
tions requiring multiple wavelengths in the blue and 
green spectral regions. 

15 It has been recognized by the inventors that the la- 

ser lines at 488 nm and 514 nm of the Ar-ion laser can, 
for many applications, be substituted by laser lines at 
4 91 nm and 532 nm, respectively. The reason behind this 
is that the absorption bands of typical fluorescent dyes 

20 and photo paper etc. are sufficiently broad. Therefore, 
in the first embodiment of the present invention, simul- 
taneous emission at 491 nm and 532 nm in a single laser 
beam is provided. To this end, two gain elements of 
Nd:YV04 are employed, which are both optically pumped by 

25 radiation at about 808 nm from a single broad-stripe, 

edge-emitting diode laser. The two gain elements are en- 
closed by a respective resonant cavity, providing laser 
action at 914 nm and 1064 nm. Radiation at 4 91 nm is ob- 
tained by sum-frequency mixing of the radiation at 

30 1064 nm with the radiation at 914 nm. This sum-frequency 
mixing is performed inside the 1064 nm laser resonator. 
Radiation at 532 nm is simultaneously obtained by fre- 
quency doubling of the remaining 1064 nm radiation. Pref- 
erably, this frequency doubling is also performed within 

35 the 1064 nm laser resonator. Spatial overlap and co- 
directional propagation along a common propagation axis 
of the two visible beams are ensured by the fact that the 
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laser beam at 1064 nm is involved in the generation of 
both these visible wavelengths. 

Furthermore, it has been found by the inventors that 
the intensity stability of this laser arrangement can be 
5 significantly improved if the cavity length for the 

914 nm laser is more than about 1 cm. However, extending 
the cavity to this length causes problems as to how both 
gain elements should be located at or close to the focus 
of the pump beam. For this reason, a folded cavity for 

10 the 914 nm laser is proposed. 

The arrangement according to this embodiment can be 
extended to the simultaneous generation of radiation at 
4 57 nm by frequency-doubling also of the 914 nm radia- 
tion, thereby giving yet another alternative to Ar-ion 

15 lasers. 

Moreover, the gain materials could be located in 
resonators promoting even* longer wavelengths, such as 
134 0 nm for a Nd:YV0 4 laser. By frequency-doubling of 
this wavelength, the inventive concept could be used as 

20 an RGB laser source for display systems, wherein only one 
single pump source is used and all three colors propa- 
gates in the same beam. 

Nd:YV0 4 can operate both as a quasi three level gain 
material, producing radiation at 914 nm, and as a four 

25 level gain material, producing radiation at 1064 nm 

and/or at 1340 nm. The material also exhibits strong ab- 
sorption at about 808 nm, this thereby being a suitable 
pumping wavelength. As known in the art, the configura- 
tion of the resonant laser cavity determines which wave- 

30 length is amplified inside the cavity. Hence, Nd:YV0 4 is 
a particularly preferred type of gain material. 

In preferred embodiments of the invention, frequency 
conversion elements in the form of quasi-phasematching 
(QPM) crystals are employed. Examples of QPM crystals are 

35 periodically poled crystals of potassium-titanyl- 
phosphate (KTP) , lithium-niobate (LN) and lithium- 
tantalate (LT) . Also, crystal isomorphs of KTP could be 
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used, where K has been fully or partially substituted for 
rubidium or cesium, and/or P has been fully or partially 
substituted for arsenic (RTP, RTA, CTA etc.). QPM- 
crystals for frequency conversion have a high effective 
5 non-linearity, which is advantageous in obtaining suffi- 
cient conversion, efficiency for moderate intensities of 
the interacting beams. In addition, QPM enables walk off- 
free interaction between arbitrary wavelengths, and thus 
prevents spatial separation of the multiple frequency 

10 converted beams. 

Also, since QPM does not rely on birefringence in 
the non-linear crystal, more than one frequency conver- 
sion process can be achieved in a single crystal by pro- 
viding more than one QPM-grating in the same crystal. 

15 These QPM-gratings are then located after one another in 
the propagation direction and have grating periods suit- 
able for the desired non-linear processes. The number of 
non-linear elements can thus be reduced to only one, 
thereby minimizing the number of high-quality optical in- 

20 terfaces in the arrangement. This, in turn, reduces the 
overall losses and increases the efficiency of the ar- 
rangement. Another positive effect of this is that the 
arrangement becomes less costly to produce, since the 
number of (costly) high-quality optical coatings are re- 

25 duced. 

Brief description of the drawings 

The different features and advantages of the inven- 
tion will elucidated in the following detailed descrip- 
30 tion of preferred embodiments. In the description, refer- 
ence is made to the accompanying drawings, on which: 

Figure 1 schematically shows a first embodiment of 
the invention; 

Figure 2 schematically shows a second embodiment of 
35 the invention; and 

Figure 3 schematically shows a third embodiment of 
the invention. 
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Detailed description of the invention 

A first preferred embodiment of the invention is 
schematically shown in figure 1. The arrangement com- 
5 prises a first resonant laser cavity and a second reso- 
nant laser cavity, generally indicated by references 1 
and 2, respectively. The first cavity 1 is defined by a 
first mirror 9 and a second mirror 10, and in this cavity 
there is provided a first gain element 4. Similarly, the 

10 second cavity 2 is defined by a third mirror 11 and a 
fourth mirror 12, and in the second cavity 2 there is 
provided a second gain element 5. The first cavity 1 is 
geometrically folded by means of a beam splitter 8, in 
this case a dichroic mirror. A single pump source in the 

15 form of a laser diode 3 provides pump radiation for both 
the first and the second gain elements 4, 5. As shown, 
the arrangement is designed for longitudinal pumping, 
meaning that the pump beam is co-linear with the laser 
beams generated in the respective cavities. In the second 

20 cavity 2, there is provided a first non-linear optical 

region 6 arranged for sum-frequency mixing of the radia- 
tion generated in said first cavity and the radiation 
generated in said second cavity. In the second cavity 2, 
there is also provided a second non-linear optical region 

25 7 arranged for frequency-doubling of the radiation gener- 
ated in said second cavity. 

As schematically shown in the figure, the first non- 
linear region, which is arranged for sum-frequency mixing 
of the radiation from the two cavities, is located closer 

30 to the gain elements than the second non-linear region. 
The reason for this is that the radiation from the first 
cavity should have the smallest possible beam size in or- 
der for the non-linear process to be efficient. 

Both the first and the second gain element should be 

35 located close to the focus of the pump radiation. For 
practical reasons, beam shaping optics 13 is therefore 
arranged adjacent the pump source 13. 
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The non-linear regions 6 and 7 are in this embodi- 
ment constituted by quasi-phasematching (QPM) gratings. 
As mentioned above, QPM gratings have some advantageous 
features which add to the performance of the inventive 
5 laser arrangement. The QPM gratings are implemented in 
the form of periodically poled KTP crystals. The two re- 
gions could be formed in separate KTP elements , or be 
formed as two consecutive regions in the same physical 
KTP crystal. By having the two non-linear regions formed 

10 in a common crystal element, the number of optical inter- 
faces in the arrangement is reduced, thereby reducing the 
complexity and cost of the arrangement. 

In addition, the second mirror 10 and the third mir- 
ror 11 could advantageously be formed as a single dielec- 

15 trie coating deposited on gain element 4 or 5. In this 

way, co-propagation of the fundamental beams produced in 
the two cavities is further ensured. 

The gain elements 4 and 5 employed in this first em- 
bodiment could be any suitable, optically pumpable gain 

20 elements. In one implementation, one or both of the gain 
elements 4 and 5 are comprised of optically pumpable 
semiconductor elements. Such semiconductor elements could 
for example be vertical-cavity surface-emitting lasers 
(VCSELs) or edge-emitters. In another implementation, one 

25 or both of the gain elements could be constituted by 

solid-state crystal host materials doped with an active 
material. 

In a preferred implementation, both of the gain ele- 
ments are comprised of NdrYVO^, where the first cavity 1 

30 is designed for promoting laser emission at 914 nm, and 

the second cavity 2 is designed for promoting laser emis- 
sion at 1064 nm. As known by the skilled person, laser 
action for a desired laser transition of the gain mate- 
rial is provided by designing the cavities to have appro- 

35 priate losses for the unwanted wavelengths while yet pro- 
viding sufficient feedback for the desired wavelength. 
Hence , frequency-converted radiation is then generated at 
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491 nm (sum-f requency mixing of said two wavelengths) and 
at 532 nm (frequency-doubling of 1064 nm) . 

As can be seen from the figure, both non-linear re- 
gions are located within the second cavity 2. No funda- 
5 mental radiation at 1064 nm need thus be emitted from the 
second cavity. Instead, the fourth mirror 12 is designed 
to transmit the generated frequency-converted wavelengths 
at 4 91 nm and 532 nm. Since the fundamental radiation at 
10 64 nm generated in the second cavity 2 is involved in 

10 both non-linear processes, the two frequency-converted 
beams are automatically co-propagating in a single beam. 

Folding of the first cavity 1 by means of the beam 
splitter 8 has the advantage of making this cavity longer 
(preferably longer than about 1 cm) . By having this cav- 

15 ity longer, the stability of the laser action in this 
cavity is significantly improved. 

A second embodiment of the present invention is 
schematically shown in figure 2. In this embodiment, the 
second cavity 2 is also folded by means of a further 

20 folding mirror 13. The two non-linear regions 6 and 7 can 
now be located in different branches of the cavity. As 
for the first embodiment, sum-frequency mixing is per- 
formed in the non-linear region 6 which is closest to the 
gain elements 4 and 5. However, the frequency-doubling 

25 effected by the second non-linear region 7 now takes 

place in another branch of the cavity. This has the ad- 
vantage that the generated frequency-doubled radiation 
can escape the cavity (through the mirror 12 and/or 
through the folding mirror 13), such that it does not en- 

30 ter into the gain materials. It is known that the pres- 
ence of a frequency corresponding to twice the frequency 
for a laser transition in the gain elements can have a 
deteriorating effect on the laser action. 

A third embodiment of the present invention is sche- 

35 matically shown in figure 3. This embodiment differs from 
those previously described in that no beam splitters or 
folding mirrors are provided. Hence, the third embodiment 
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is a linear arrangement. The first mirror 9 is deposited 
on an end face of gain element 4, the second and third 
mirrors 10, 11 are both constituted by a single dielec- 
tric coating on an end face of gain element 5, and the 
5 fourth mirror 12 is deposited on an end face of the non- 
linear element 7. However, it is also possible to have 
these mirrors as separate elements. 

In yet another embodiment (not shown on the draw- 
ings) , a third non-linear region could be provided within 

10 the first cavity for frequency-doubling of the fundamen- 
tal radiation from this cavity. In the case where the 
gain elements are constituted by Nd:YV0 4/ it is then pos- 
sible to produce radiation also at 457 nm. This gives an- 
other laser line that can substitute the wavelengths ob- 

15 tained from the traditional Ar-ion laser. 

It should be noted that, despite the wavelengths re- 
ferred to in the description of embodiments above, other 
wavelengths could also be produced in an arrangement ac- 
cording to the present invention. For example, in the 

20 case of Nd:YV0 4 as the gain material, one of the cavities 
could be designed for promoting laser action at the laser 
line of 1340 nm. Frequency-doubling of this radiation 
would then produce light at 670 nm. 

Moreover, in a modification of the second embodi- 

25 ment, it is possible to have both the non-linear regions 
6 and 7 located between the folding mirror 13 and the 
fourth mirror 12. As described above, these regions could 
be formed as two regions in a common element, without any 
optical interface between. 

30 While the present invention aims primarily at pro- 

viding simultaneous emission of at least two wavelengths 
within the visible range of the spectrum, it is to be un- 
derstood that the arrangement according to the invention 
could also be used for generating other wavelengths. 



